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Introduction
Acute lymphoblastic leukemia (ALL) is a malignant disease resulting from the accumulation of genetic alterations of B or T lymphoid precursor cells. 1, 2 ALL is the most common leukemia in children and accounts for 20% of acute leukemias in adults. The 5-year event-free survival is over 80% for children but only approximately 40% for adult ALL. 2 The development of ALL involves chromosomal changes including translocations causing fusion genes, as well as hyperdiploidy containing more than 50 chromosomes. The frequency of particular chromosomal alterations differs between pediatric and adult ALL. About 50% of pediatric cases of B-lineage leukemia (B-ALL) have either a t(12;21) translocation (TEL-AML1) or hyperdiploidy; only 10% of adult B-ALL cases have these abnormalities. In contrast, approximately 30% of adult B-ALL samples contain a t(9;22) translocation (BCR-ABL1), but only a few percent of pediatric B-ALL have this translocation. MLL rearrangements including t(4;11), t (11;19) and t(9;11) translocations are found in 8-13% of both adult and pediatric B-ALL. 3 Over-expression of the transcription factor TAL1 is observed in about 60% of pediatric T-progenitor leukemias (T-ALL) and 30-45% of adult T-ALL. 2, 4, 5 Although many genomic abnormalities such as translocations are known in ALL, several new cryptic abnormalities have been identified recently using new techniques such as high density single nucleotide polymorphism (SNP) arrays. 1, [6] [7] [8] Previously, we developed the Copy-Number Analysis for Affymetrix GeneChips (CNAG) software and a new algorithm, allele-specific copy-number analysis using anonymous references (AsCNAR). 6, 9 The SNP-array analysis using these tools provides a highly sensitive platform to detect large and small copy-number changes, as well as copy number neutral loss-of-heterozygosity (CNN-LOH), which is represented by one allele being deleted and the other allele duplicated. The latter cannot be detected by either karyotypic or comparative genomic hybridization analyses.
The full complement of cooperating lesions and their distribution within the known genetic subtypes of ALL remain to be defined and a detailed comparison study by SNP-array between pediatric and adult ALL has not been performed. In the present study, we investigated a cohort of 75 adult ALL samples including 61 B-ALL and 14 T-ALL samples to identify cryptic chromosomal alterations using SNP-array analysis and compared these genomic changes to those present in 399 previously analyzed and published pediatric ALL samples. 
Design and Methods

Patients' samples
Seventy-five anonymized adult ALL samples were obtained from bone marrow or peripheral blood at initial diagnosis. Sample information included gender, immunophenotype, white blood cell count (WBC) and occurrence of BCR-ABL and MLL-AF4 fusions as examined by karyotyping, reverse transcriptase polymerase chain reaction and fluorescence in situ hybridization analysis (Online Supplementary Tables S1 and S2 ). The cohort contained 41 Asian (Japanese) patients who were diagnosed with ALL at the University of Tokyo between October 1994 and May 1997. These samples were acquired in line with a study involving the JALSG protocol, which was approved by the ethics boards of the University of Tokyo. The remaining 34 samples were from patients of Caucasian origin, diagnosed in the Munich Leukemia Laboratory between October 2005 and April 2006, in the context of the GMALL study protocols. Informed consent to sample acquisition and processing was obtained in accordance with the Declaration of Helsinki in all cases. All samples were acquired in the chronological order of entry without any selection or bias. In total, 61 cases of B-ALL, including two null ALL cases lacking both B and T cell markers, one mixed ALL, and 14 cases of T-ALL were examined. At diagnosis the patients were aged from 19 to 86 years old (Online Supplementary Figure S1) . The karyotypes of all samples are listed in Online Supplementary Table S2 .
High-density single nucleotide polymorphism-array analysis
Genomic DNA from adult ALL cells was subjected to GeneChip Human mapping processing protocols. Forty samples were processed with 50K arrays and 35 samples with 250K arrays (Affymetrix, Santa Clara, CA, USA). Detailed information about which individual samples were hybridized to specific arrays is given in the Online Supplementary Methods. Hybridization, washing and signal detection were performed on a GeneChip Fluidics Station 450 and GeneChip scanner 3000 according to the manufacturer's protocols (Affymetrix). Microarray data were analyzed for determination of both total and allelic-specific copy numbers using the CNAG software as previously described, 6,9-11 with minor modifications: 11 cases were examined with their paired normal DNA from remission samples, and 64 cases were analyzed with anonymous normal references. For clustering of ALL samples with regard to the status of copy number changes, as well as CNN-LOH, the CNAG graph software was used. 7 The size, position and location of genes were identified with the UCSC Genome Browser (http://genome.ucsc.edu/). Registered copy number variants or IgG rearrangements were eliminated using either http://projects.tcag.ca/variation/ or http://genome.ucsc.edu/.
Results
Single nucleotide polymorphism-array analysis of 75 adult acute lymphoblastic leukemia samples
The SNP-array analysis of our 75 adult ALL samples revealed that 69/75 (92%) samples including 61 cases of B-ALL and 14 cases of T-ALL had one or more genomic abnormalities ( Figure 1) . A total of 572 genomic alterations were detected, with a mean of 7.6 genomic alterations per sample (Table 1A) When the adult ALL cases were segregated by either age or ethnicity, no differences were found in the types of genomic lesions or their frequencies between the different groups (Online Supplementary Tables S13 and S14).
Clustering of common genetic lesions in all samples is displayed in Figure 1 , in which groups were separated based on abnormalities and furthermore, adult versus adolescents (19- The recurrent genetic abnormalities detected by SNParray are shown in Table 1b and Online Supplementary Figure  S3 . Among these, the three most common genetic abnormalities were deletions of chromosome 9p21.3 (CDKN2A/B, N=23, 31%), 9p13.2 (PAX5, N=15, 20%) and chromosome 6q (N=13, 17%). Chromosome 9p was also most frequently affected by CNN-LOH (Online Supplementary Table S7) . One of the commonly deleted regions on chromosome 6 ranged from 108,940,080 to 109,998,869 and involved the FOXO3 gene as a possible candidate gene ( Figure 2A ). FOXO3 was also found to be frequently deleted in pediatric ALL (32/399, 8%) (Online Supplementary Figure S4) . 1, 12 We analyzed the expression of FOXO3 in several ALL cell lines such as Nalm6, Ball, ReH and Jurkat and found markedly lower levels of FOXO3 in these cell lines than in cell lines of myeloid origin or healthy bone marrow ( Figure 2B ). These data, which show that SNP-array analysis in adult ALL haematologica | 2010; 95 (9) 1483 Figure 2C ). A possible reason for this differential expression of FOXO3 in ALL as compared to in healthy bone marrow could be promoter hypermethylation as we found that the promoter region of FOXO3 was more highly methylated in gDNA of the B-ALL leukemia cell line Nalm6 than in normal gDNA ( Figure 2D ). Another interesting common lesion was identified on chromosome 12, where BTG1, which had been found to be deleted frequently in pediatric ALL 1, 7 was involved in breakpoints in seven cases (9%) (Online Supplementary Table S4) .
B cell ALL includes 3 null or mixed ALL cases, which lacked both B and T cell markers. Homozygous deletions = 0 copies, heterozygous deletions = 1 copy, duplications = 3-4 copies, amplifications = ≥5 copies, CNN-LOH = copy number neutral loss-of-hetzerozygosity (2 copies).
Besides recurrent alterations, interesting submicroscopic lesions were detectable in single cases, possibly indicating new candidate genes in the pathogenesis of ALL: two focal homozygous deletions were found. In case # B-14, a region of CNN-LOH on chromosome 9p contained a homozygous deletion of PTPRD (protein tyrosine phosphatase, receptor type D) (Online Supplementary Figure S2A) . Case #B-35 contained a submicroscopic homozygous deletion of chromosome 10q (98,441,682 -98,547,438, 0.11Mb), which only contained exons 1 and 2 of PIK3AP1 (phosphoinositide-3-kinase adaptor protein 1). The remaining part of the PIK3AP1 gene was heterozygously deleted (Online Supplementary  Table S3 and S4) . Interestingly, this case also displayed a duplication of chromosome 14 (22,069,902 -105,685,710, 83.616Mb), which contained AKT1 (Online Supplementary  Table S5) .
Of note, although 28 cases were categorized as having a normal karyotype ALL by initial karyotypic analysis, 24 of these cases (86%) had genomic alterations detected by SNP-array analysis, corroborating the power of this latter technique to reveal cryptic genomic abnormalities in hematologic malignancies.
Identification of fusion genes in acute lymphoblastic leukemia
Genomic alterations found by SNP arrays are often involved in chromosomal translocations. Balanced translocations cannot be detected by SNP-array analysis, since they are not accompanied by copy number changes. However, unbalanced translocations associated with copy number changes are often detectable by this technique with a high resolution. An example is shown by the SNParray tracing of case #B-20, who had a duplication in the middle of the PAX5 gene (9p13.2) and in the middle of the ETV6 gene (12p13.2) (Online Supplementary Figure S5B[i] ). Initial karyotypic analysis of this case showed +8, der(9)r(9)ins(9;12), der(12)t(9;12)(?;q15). Primers, which were designed at the break-points of PAX5 and ETV6, amplified a polymerase chain reaction product; and nucleotide sequencing of this product showed that the fusion occurred between exon 4 of PAX5 and exon 3 of ETV6 (Online Supplementary Figure S5B[ii] ). Apart from this fusion, PAX5 internal deletions were detected in three of our adult ALL samples underlining the important role of PAX5 gene disruptions in B-ALL.
Differences between adult and pediatric acute lymphoblastic leukemia samples
In a previous study, our group carried out a SNP array analysis of 399 pediatric ALL cases using Affymetrix 50K arrays. 7 In the current study, we sought to compare the genomic changes found in our adult ALL cases with those of the pediatric cases of the previous study in order to find leads to biological differences between these two age groups. Since the analysis of the adult samples was largely carried out with higher density 250K arrays and is, therefore, only comparable to the 50K pediatric data set to a limited extent, we introduced a threshold of 141 kb per lesion for acceptance of detected genomic abnormalities from the 250K array adult data set. This is based on the technical characteristics of the 50K SNP-arrays that interrogate the genome with a total combined number of approximately 58,000 SNP and a median intermarker distance of 47 kb. Because we defined three SNP per copy number abnormality as the minimum requirement for acceptance of a genomic lesion, we defined this smallest common denominator to make the adult 250K data comparable to the 50K pediatric data. The differences detected by this comparison are summarized in Table 2, Online Supplementary Tables S8-S11 and Online Supplementary Figure S6 . The data show that almost all types of recurrent genomic lesions occur at a similar rate in pediatric ALL and adult ALL.
However, of note, hyperdiploidy was not detected in the 75 adult ALL samples (Online Supplementary Table S2 ), but was found in 116 pediatric ALL samples (29%, P=4.3¥10 -7 ). 7 We, therefore, separated the pediatric ALL samples into hyperdiploid (HD) and non-hyperdiploid (non-HD) groups (Online Supplementary Table S12 ). Nevertheless, after subdivision of the groups, we found that deletions of 3p14.2 (FHIT), 9p21.3 (CDKN2A/B), 9p13.2 (PAX5), 13q14.2 (RB1) and 17q11.2 (NF1) occurred at a comparable rate in adult and non-HD-pediatric ALL (Online Supplementary Table S9) . As expected, these deletions were rare in HD-pediatric ALL (Online Supplementary Table S10 ). The only two differences detected pertained to deletions encompassing ETV6 on chromosome 12 and alterations on chromosome 17: deletions of 12p13.2 (ETV6) were more common in non-HDpediatric ALL (30%) than in adult ALL (7%, P=0.00001). Furthermore, genomic changes of both deletion of 17p (TP53) and duplication of 17q (11% and 9%, respectively) were more frequent in adult ALL than in non-HD-pediatric ALL (2% and 1%, P=0.005 and P=0.002, respectively).
Discussion
Our genome-wide SNP-array analysis of adult ALL showed that 92% of samples had one or more genomic abnormalities including deletions, duplications and/or CNN-LOH ( Figure 1 ). As anticipated, SNP-array analysis was able to detect genomic abnormalities in numerous samples that cytogenetically appeared to be normal. Twenty-four of the 28 samples (86%) that had a normal karyotype contained genomic abnormalities detected by SNP-array (Online Supplementary Table S2 ).
The most common abnormalities were found on chromosome 9 in adult ALL (Online Supplementary Figure S3) . Our analysis revealed that 9p CNN-LOH was frequently found in both adult and pediatric ALL (Online Supplementary Figure S6 ). CNN-LOH is interesting in cancer research because of the high probability of such abnormalities containing either a mutated tumor suppressor gene (TSG) or oncogene with loss of their normal allele. We have previously shown that JAK2-V617F is often duplicated by CNN-LOH in normal karyotype acute myeloid leukemia. 10 Also, JAK1/2/3 have been reported to be mutated in childhood ALL.
14 In our adult ALL samples, we found several recurrent CNN-LOH regions, containing genes coding for tyrosine kinases and putative tumor suppressors, which represent interesting target genes for further, functional evaluation in the context of ALL (Online Supplementary Table S7) . We have previously shown in pediatric ALL that CDKN2A/B deletions are often found in 9p CNN-LOH (23 of 30, 77%), while they are less frequent in whole chromosome 9 CNN-LOH (1 of 18, 6%). 7 Three of 12 samples (25%) with homozygous deletions of the CDKN2A/B genes had 9p CNN-LOH in our adult ALL samples while the rest of these SNP-array analysis in adult ALL haematologica | 2010; 95(9) focal deletions occurred without 9p CNN-LOH (Online Supplementary Figure S7 and Online Supplementary Table S3) . Interestingly, in one case, 9p CNN-LOH also contained a homozygous deletion of PTPRD, suggesting that this may also be a candidate gene in this region (Online Supplementary  Figure S2A ). Some pre-B-cell lines and some B-cell lines express PTPRD. 15 Previous studies by others and ourselves found disruption of the PTPRD gene in lung carcinoma, 16, 17 neuroblastoma, 18 cutaneous squamous cell carcinomas 19 and relapsed pediatric ALL. 12 Moreover, PAX5 is located on chromosome 9p. PAX5 is critical for B-cell development; without it, cells are blocked at the pro-B stage. Lymphoid cells lacking PAX5 in an experimental model can differentiate into either T cells or myeloid cells with the appropriate signals, highlighting the important role that PAX5 plays in B-cell development. 20 In our study, PAX5 deletions occurred at similar frequencies in adult and non-HD-pediatric ALL (20% and 18% of cases, respectively), but they were extremely rare in HD-pediatric ALL (3%). Therefore, 9p CNN-LOH and dysfunction of CDKN2A/B, PTPRD and PAX5 on chromosome 9p may cooperate in a common mechanism in the development of ALL.
Two other notable common lesions were deletions on chromosome 6q, which included the FOXO3 gene in five cases (Figure 2A) or BTG1 involvement in chromosomal breakpoints in seven cases (Online Supplementary Table S4 ) on chromosome 12. Deletions of 6q21 regions were previously reported in B-cell lymphomas and ALL 21 and we observed that the FOXO3 gene was involved in a breakpoint in one case, which led us to analyze FOXO3 expression levels in several ALL cell lines. The levels of FOXO3 expression were markedly lower in the tested ALL cell lines than in healthy control samples ( Figure 2B ). This might be explained by promoter hypermethylation as suggested by our results of promoter hypermethylation of FOXO3 in the haematologica | 2010; 95(9) Figure 2D ). While these results indicate that FOXO3 may be a target of common deletions of chromosome 6q, recent evidence suggests that the genes neighboring FOXO3, namely ARMC2 and SESN1, could be targets of this lesion as mutations have been discovered in ARMC2 in relapsed pediatric ALL (Mullighan CG, Zhang J ASH Abstract 2009 #703). Deletions of BTG1 have previously been reported in pediatric ALL, 1 and our results corroborate this observation. Concerning a unifying mechanism of these lesions, it is notable that AKT-dependent phosphorylation of FOXO3 enhances the FOXO3/14-3-3 interaction and promotes FOXO3 nuclear export to the cytoplasm, resulting in the repression of FOXO3 transcriptional function. 22 Also, DNA microscreens identified BTG1 as a FOXO3 target. 23 Transfection experiments using NIH3T3 cells indicated that BTG1 negatively regulates cell proliferation. 24 Disruption of FOXO3 and BTG1 might, therefore, be an interrelated molecular mechanism in the pathogenesis of ALL.
One B-cell ALL case, #B-35, showed a homozygous deletion of PIK3AP1 and duplication of AKT1. PIK3AP1 is expressed in B cells and is involved in the activation of phosphoinositide 3-kinase (PI3K). PIK3AP1 binds the B-cell antigen receptor to PI3K by providing a docking site for the PI3K subunit PIK3R1, which contributes to B-cell development. 25 While PIK3AP1-deficient mice are viable, they have decreased numbers of mature B cells and B1 B-cell deficiency. 26 The combination of a PIK3AP1 perturbation and AKT1 duplication might cooperate in impairing both differentiation and promoting cell growth in B-cell progenitors. Of note, another case, #T-7, displayed an amplification (copy number change ≥5) of AKT2 (Online Supplementary Figure  S2E) .
Recent studies revealed that both adult and pediatric ALL samples with BCR-ABL1 fusions have a near to obligate deletion of Ikaros (IKZF1), which has substantial effects on disease prognosis. 27, 28 In our adult ALL samples, IKZF deletions occurred only in B-cell type and our analyses detected IKZF1 deletions in 4 of 14 (29%) samples with BCR-ABL1 and in 5 of 61 (8%) samples without BCR-ABL1, which is comparably lower than the frequency found in previous studies (Figure 1 ). The reason for this is that IKZF deletions are often small intragenic lesions, which can, therefore, be missed by the 50K and 250K SNP arrays that were used in this study. This methodological circumstance makes the comparison of Ikaros deletions between the pediatric and adult sample sets impossible.
Although SNP arrays cannot detect balanced translocations, some translocations have focal deletions or gains at the breakpoints. Deletions and/or duplications that occur within the PAX5 gene may, therefore, indicate a translocation. Our analysis showed that one adult ALL sample, #B-20, had a PAX5-ETV6 fusion gene (Online Supplementary  Figure S5B ), which was indicated by our SNP array analyses. Previous studies by others and ourselves found that the PAX5 gene was rearranged to at least 20 partner genes in pediatric ALL samples. 1, [29] [30] [31] [32] [33] Each of these fusion genes retains the DNA-binding paired domain, but lacks the transcriptional activation domain of the PAX5 gene. The fusion proteins may bind to promoter regions of PAX5 target genes but probably do not have transcriptional activity, thus acting as dominant negative molecules preventing Bcell differentiation by wild-type PAX5. 29 From our analysis comparing submicroscopic lesions detected by SNP arrays in the two data sets, we ascertained that the differences between adult and pediatric ALL were not large on this level, contrary to our expectation. Two statistically relevant differences were more frequent deletions of ETV6 on chromosome 12 in non-HD pediatric ALL than in adult ALL and more frequent alterations affecting chromosome 17p or 17q in adult ALL. The increased frequency of ETV6 deletions in pediatric ALL must probably be interpreted with reservation due to the higher frequency of ETV6-RUNX1 translocations in pediatric ALL. 2 These translocations are often accompanied by a concomitant deletion of the remaining ETV6 allele 7, 34 and, therefore, an increased number of ETV6 deletions in pediatric ALL probably reflects this known difference in the percentage of ETV6-RUNX1 translocations. Unfortunately, we do not have data concerning the frequencies of ETV6-RUNX1 fusions in the analyzed samples.
On chromosome 17, we found significantly more 17p deletions and 17q duplications in adult ALL than in pediatric ALL. Such 17p deletions, which are commonly associated with loss of p53 function would affect the normal mechanism of apoptosis and DNA repair in the adult ALL cells. We found that 17p (TP53) deletions were more frequent in adult ALL (11%) than in non-HD-pediatric ALL (2%) (P=0.005). The 17p (TP53) deletion occurred in both BCR-ABL1-negative and -positive samples (7/61= 11%, 1/14= 7%, respectively) ( Figure 1) . Focal deletions or duplications were not detected on chromosome 17. Taken together, these results indicate that deletions of a large part of chromosome 17p might, in part, be involved in the inferior prognosis of adult ALL. Overall, however, the paucity of obvious differences in recurrent submicroscopic genomic lesions between adult and pediatric ALL revealed in this study implies that these lesions do not have a strong impact on the differences of prognosis between adult and pediatric ALL. Rather, the data suggest that besides different therapeutic regimens, differences of prognosis between children and adults with ALL are probably based on cytogenetic subgroups.
In summary, we discovered new cryptic abnormalities including small copy number changes and CNN-LOH in adult ALL containing interesting potential candidate genes such as PTPRD, PIK3AP1, AKT1/2, FOXO3, BTG1 for further functional analysis in the pathogenesis of ALL. As in pediatric ALL, PAX5 fusion genes were also present in adult ALL. In the comparison of adult ALL with pediatric ALL, we found that most submicroscopic abnormalities occurred at a similar rate in the two groups. Of note, our data revealed that genomic abnormalities in the form of large chromosome 17p deletions and 17q duplications were more frequent in adult ALL than in non-HD-pediatric ALL. These disruptions, increasingly complex genomic changes as well as differential distribution of genetic subgroups such as frequent Philadelphia chromosome and extremely infrequent HD in adult ALL may contribute to the inferior prognosis of adults when compared to that of children with ALL.
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